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INTRODUCTION
The Chesapeake and Ohio Canal National Historical Park (C & O Canal NHP) is operated by the U.S. Department of the Interior, National Park Service (NPS). The park extends from Cumberland, Md., to Georgetown in the District of Columbia. The C & O Canal and its towpath are located well within the flood plain of the Potomac River. The towpath is a historic structure that serves as an important corridor for visitor recreation, including horse, bicycle, and pedestrian uses.
The C & O Canal NHP is often impacted by flooding on the Potomac River. Since being established in January 1971, the park has experienced four major flood events--in June 1972 , November 1985 , January 1996 , and September 1996--causing significant damage to the C & O Canal, towpath, and other park infrastructure. The costs associated with park repairs has risen into the tens of millions of dollars. Flooding and subsequent damage to the C & O Canal NHP has emphasized a need for the NPS to begin (1) correlating park-related flood damage with specific flood events in the Potomac River Basin, (2) predicting expected inundation and subsequent damage based on the magnitude and frequency of flood events, and (3) prioritizing park structures for protection from future flood damage. In order to assist NPS in meeting these objectives, the U.S. Geological Survey (USGS), in cooperation with NPS, initiated a study in November 1996 to (1) compile hydrologic data from specific flood events on the Potomac River and selected tributaries in the vicinity of the C & O Canal NHP, and (2) inventory selected resources and flood-study information along the Potomac River and the C & O Canal NHP.
Purpose and Scope
This report presents hydrologic data on flooding of the Potomac River and selected tributaries to the Potomac River in the vicinity of the C & O Canal NHP. An inventory of selected reports, flood studies, and additional USGS data along the Potomac River and C & O Canal NHP is presented.
This report presents data that were compiled for the floods of (1) March 17-19, 1936; (2) June 22-24, 1972; (3) November 4-7, 1985; (4) January 19-21, 1996; (5) September 6-8, 1996 ; and (6) the peak of record for 6 USGS streamflowgaging stations on the Potomac River and 10 USGS streamflow-gaging stations on selected tributaries in the vicinity of the C & O Canal NHP ( fig. 1 ). The peak discharge, peak gage height, the date and time of the peak, and approximate recurrence interval are presented for each flood event.
Data compiled from selected high-flow discharge measurements at the six Potomac River streamflow-gaging stations are presented. Gage height, top width, cross-sectional area, mean velocity, maximum velocity, mean depth, and discharge are presented for each selected discharge measurement. Any corresponding estimates or measurements of discharge on the C & O Canal are also presented for each selected discharge measurement. Ranges of Manning's roughness coefficient (Manning's n) were computed for the range of selected discharge measurements based on estimates of water-surface slope or the channel-bed slope. These data will be used for subsequent hydraulic studies by engineers for maintenance, protection, or restoration of the C & O Canal.
The report also provides an inventory of selected flood studies and reports related to the Potomac River Basin in the vicinity of the C & O Canal NHP. A listing of USGS indirect flood discharge measurements that have been made at the six Potomac River streamflow-gaging stations in the vicinity of the C & O Canal NHP is provided. Information on historical streamflowgaging station records and discharge measurements on the C & O Canal also is presented.
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FLOOD-HYDROLOGY DATA FOR THE POTOMAC RIVER
Flood-hydology data were compiled for six USGS streamflow-gaging stations on the Potomac River in the vicinity of the C & O Canal NHP. The streamflow-gaging stations are (1) Station 01603000, North Branch Potomac River near Cumberland, Md.; (2) Station 01610000, Potomac River at Paw Paw, W. Va.; (3) Station 01613000, Potomac River at Hancock, Md.; (4) Station 01618000, Potomac River at Shepherdstown, W. Va.; (5) Station 01638500, Potomac River at Point of Rocks, Md.; and (6) Station 01646500, Potomac River at Little Falls near Washington, D.C. Data compiled for these streamflow-gaging stations include (1) basic data regarding the drainage basin and the station, (2) peak-flow data and recurrence intervals for selected flood events, and (3) flow characteristics that were defined in selected discharge measurements made at the stations.
Basic Data
Basic data compiled for each of the six Potomac River streamflow-gaging stations include the (1) latitude and longitude of the station, (2) period of gage record, (3) drainage area at the station, (4) percentage of the total basin drainage area, and (5) mean sea level datum of the station in relation to the National Geodetic Vertical Datum (NGVD) of 1929. This information is listed in table 1.
Peak Flows and Recurrence Intervals
Peak-flow data and approximate recurrence intervals were compiled for the six Potomac River streamflow-gaging stations for the floods of (1) March 17-19, 1936; (2) June 22-24, 1972; (3) November 4-7, 1985; (4) January 19-21, 1996; and (5) September 6-8, 1996 . Data for the peak of record also were compiled if the peak occurred during a different flood event than those listed above. The peak-flow data that were compiled included the peak gage height, peak discharge, and the date and time of the peak. An approximate recurrence interval for each event was determined from the station data, and techniques described by the Interagency Advisory Committee on Water Data (1982) and Dillow (1996) .
The recurrence interval of a specific flood is the average number of years between floods equal to or greater than that specific flood. It is emphasized that this is an average number of years and does not imply that it will be that many years before another event of that magnitude occurs. Similar or greater events can occur in the same year, as demonstrated by the 1996 floods on the Potomac River. The reciprocal of the recurrence interval is the probability of the event occurring in any one year. For instance, a 100-year flood has a 0.01 probability, or 1 percent chance, of occurring in any year (Lescinsky, 1987) .
Peak-flow data and approximate recurrence intervals for the six Potomac River streamflowgaging stations during the specified flood events are shown in table 2. A flood hydrograph for the streamflow-gaging station on the Potomac River at Point of Rocks, Md., during the flood of January [19] [20] [21] 1996 , is shown as an example ( fig.  2 ).
Selected Discharge Measurements
Data from selected historical discharge measurements were compiled for the six USGS streamflow-gaging stations on the Potomac River in the vicinity of the C & O Canal NHP. Twelve to thirteen measurements were selected for each streamflow-gaging station that represented a range of high-flow events. The date of the measurement, the sequential measurement number, gage height, top width, cross-sectional area, mean velocity, maximum velocity, mean depth, and discharge are presented for each selected discharge measurement. If any corresponding flow in the C & O Canal was estimated or measured during the measurement, this value also is presented. The maximum velocity is presented in two ways. The section maximum mean velocity is presented as the maximum mean velocity measured in any measurement subsection along the cross section. When discharge measurements are made, the mean velocity in each measurement subsection is determined as the average of point velocities measured at 0.2 and 0.8 of the depth of the subsection at that point, provided that the depth is 2.5 ft or greater at that point. If the depth of the measurement subsection is less than 2.5 ft, the mean velocity for the measurement subsection is BASE FROM U.S. GEOLOGICAL SURVEY, 1:500,000 determined by measuring a point velocity at 0.6 of the depth of the subsection at that point. The section maximum point velocity is presented as the maximum point velocity measured at any point in any measurement subsection along the cross section. Tables 3 through 8 summarize selected discharge-measurement data for high flows at the six USGS streamflow-gaging stations on the Potomac River in the vicinity of the C & O Canal NHP.
The discharge in a uniform-flow channel can be determined by use of the following empirical formula:
where Q is the discharge, in cubic feet per second; n is the dimensionless Manning roughness coefficient, or Manning's n; A is the cross-sectional area of the channel cross section, in square feet; RH is the hydraulic radius of the channel cross section, in feet; and S is the channel-bed slope or the water-surface slope. When uniform flow is assumed in an open channel, the longitudinal lines of the channel bed and water surface are parallel to each other, and the slopes of these parallel lines are equal (Hwang and Hita, 1987) . If estimates of water-surface slope or channel-bed slope can be made in the vicinity of a streamflow-gaging station, discharge-measurement data can be used to determine an approximate Manning's n value for the measured flow conditions.
Ranges of Manning's n were calculated for the ranges of discharge and flow conditions presented in tables 3 through 8, based on the assumption of uniform flow conditions. The calculations were made using estimates of water-surface slope that were based on previous flood studies (Somervell, 1930) , and flood insurance studies (Federal Emergency Management Agency, 1981 , 1985 , 1989 . Where information on water-surface slope was not available, channel-bed slopes were determined by use of USGS topographic maps. These channel-bed slopes were used as an estimate of water-surface slope. The calculated values of Manning's n apply to the entire crosssection that was used during the discharge measurement. Insufficient data exist to calculate Manning's n values for flows in the C & O Canal for these discharge measurements. However, approximations can be made using accepted hydraulic design practices. Table 9 summarizes the general ranges of Manning's n values for the selected discharges and flow conditions presented in tables 3 through 8. Table 9 shows a large range of Manning's n values for the selected flow conditions at most gaging stations. Direct measurements of watersurface slope during discharge measurements could serve to (1) provide a means to directly calculate Manning's n for any discharge measurement, and (2) provide a means to calibrate the ranges of Manning's n values presented in table 9.
FLOOD-HYDROLOGY DATA FOR SELECTED TRIBUTARIES
Flood-hydology data were compiled for 10 USGS streamflow-gaging stations on selected tributaries to the Potomac River in the vicinity of (1) basic data regarding the drainage basin and the station, and (2) peak-flow data and recurrence intervals for the five selected flood events and the peak of record.
Basic Data
Basic data compiled for each of the 10 Potomac River tributary streamflow-gaging stations include the (1) latitude and longitude of the station, (2) period of gage record, (3) drainage area at the station, (4) percentage of the total basin drainage area, and (5) mean sea level (NGVD) datum of the station. This information is listed in table 10.
Peak Flows and Recurrence Intervals
Peak-flow data and approximate recurrence intervals were compiled for the 10 Potomac River tributary streamflow-gaging stations for the five selected flood events and for the peak of record. For some stations, data were not available for some flood events because the station was not in operation at the time of the specified flood event. Peak-flow data and approximate recurrence intervals for the 10 Potomac River tributary streamflow-gaging stations during the specified flood events are shown in table 11. A flood hydrograph for the streamflow-gaging station at Conococheague Creek at Fairview, Md., during the flood of January [19] [20] [21] 1996 , is shown as an example ( fig. 3 ).
a Discharge adjusted for rapidly changing stage during measurement. A list of additional USGS streamflow-gaging stations with surface-water data in the vicinity of the C & O Canal NHP also was prepared. This list is shown in the appendix.
ADDITIONAL INFORMATION AND RESOURCES
A search was conducted of (1) 
Flood Studies and Reports
The following inventory of flood studies and reports on the Potomac River Basin in the vicinity of the C & O Canal NHP is sorted by category. Report categories include (1) USGS Annual Water-Resources Data Reports, (2) USGS WaterSupply Papers, (3) other flood studies and reports, and (4) flood-insurance studies.
USGS Annual Water-Resources Data Reports:
The USGS releases an annual water-resources data report for each water year, which runs from October 1st of one year to September 30th of the next. For example, October 1, 1996 to September 1, 1997 is referred to as "Water Year 1997". These reports have been published for Maryland and West Virginia on a yearly basis since 1961. The reports summarize flow conditions at all active USGS streamflow-gaging stations for the given water year. This includes such information as mean daily discharges for each day of the water year, mean annual discharge, and the instantaneous peak gage height and discharge at each streamflow-gaging station for the given water year (U.S. Geological Survey, 1961-95).
USGS Water-Supply Papers: Prior to 1961, USGS streamflow-gaging station records were published as part of a report series entitled "WaterSupply Papers." Water-Supply Papers are publications that are intended to present significant interpretive results of hydrologic investigations that are broader than local interest. Specific Water-Supply Papers (WSP) that were used in the preparation of this report include: Other Flood Studies and Reports : Often studies are conducted and reports are prepared in the aftermath of major floods. These studies and reports usually document peak gage heights and peak discharges for streamflow-gaging stations during a specific flood event. Some studies and reports may present estimated flood profiles for specific flood events or for flood events of a certain Army on the Potomac River and its Tributaries, Including Occoquan Creek (Somervell, 1930) . c. Floods of 1936 and 1937 (Pennsylvania Railroad Company, 1937 Virginia, Pennsylvania, and Maryland, November 1985 (Carpenter, 1988) . t. C & O Canal: The Making of a Park (MacKintosh, 1991) .
Most of these studies and reports provide hydrologic data, peak-flow data or descriptive information for certain flood events. A few of the U.S. Army Corps of Engineers' publications provide flood profiles for certain flood events or cross sections of the Potomac River in various locations.
Flood-Insurance Studies: The Federal Emergency Management Agency (FEMA) publishes flood-insurance studies for Maryland counties and some specific towns and communities along the Potomac River. The reports for these studies contain various hydrologic and hydraulic data for streams and rivers within the study area. Cross-sectional data are usually obtained from USGS topographic maps or from field surveys. Hydraulic data and flood profiles are usually determined by use of step-backwater hydraulic modeling. Most FEMA flood-insurance studies present drainage areas, peak-flow data, and recurrence-interval information, as of the most recent date that the information was updated. Channel widths, cross-sectional areas, and mean velocities are presented for different segments of each stream or river that is studied. Flood profiles are presented for each stream or river that is studied for the 10-year, 50-year, 100-year, and 500-year recurrence intervals. 
Indirect Flood-Discharge Measurements
The discharge of streams and rivers is usually measured directly using a current meter. During floods, however, it is sometimes impossible or impractical to measure the discharge by this method. Consequently, some peak discharges must be determined after the passage of the flood by indirect methods, such as slope-area, contracted-opening, flow-over-dam, and flowthrough-culvert, rather than by direct current-meter measurement (Benson and Dalrymple, 1967) .
Indirect methods of determining flood discharge are based on hydraulic equations which relate the discharge to the water-surface profile and geometry of the channel. A field survey is made after the flood to determine the location of highwater marks and the physical characteristics of the channel (Benson and Dalrymple, 1967) . Hydraulic equations that are most appropriate for the study reach are then solved based on the field data to determine the peak discharge for the study reach.
Indirect flood-discharge measurements can provide information such as (1) records of highwater marks, (2) cross-section geometry and diagrams, (3) estimates of Manning's n, and (4) An indirect measurement of peak discharge was also made for the flood of April 27, 1937. The peak discharge was determined to be 153,000 ft 3 /s, including documentation of flow in the overbank areas. The flow for this event did not overtop the C & O Canal as it did in March 1936. However, the water surface at the peak was nearly level with the top of the towpath. Data and related information that are available for these streamflow-gaging stations include (1) mean daily discharges, (2) summaries of discharge measurements, (3) rating curves and tables of gage height versus discharge that were valid during the period of record, and (4) descriptions of the stations and their locations. The maximum known discharge and gage height during the period of record for the streamflow-gaging station on the 
Other Discharge Measurements on the Chesapeake and Ohio Canal
Between 1923 and 1995, over 250 discharge measurements were made on the C & O Canal at several locations. Many of these discharge measurements were made in the vicinity of the Potomac River at Chain Bridge because the C & O Canal diverts flow from the Potomac River at this location. Since discharge measurements for station 01646500, Potomac River at Little Falls near Washington, D.C., are often made at Chain Bridge, the diversion of flow from the Potomac River requires an estimate or measurement of flow in the C & O Canal at this location to obtain the total discharge. Other locations where discharge measurements have been made on the C & O Canal include Cumberland, Md.; Hancock, Md.; Harpers Ferry, W. Va.; and Brunswick, Md. These discharge measurements document the same types of data variables that were presented for the Potomac River streamflow-gaging stations in tables 3 through 8, including the channel width, cross-sectional area, mean and maximum velocities, and discharge.
This report presents flood-hydrology data for the Potomac River and selected tributaries in the vicinity of the Chesapeake and Ohio Canal National Historical Park. Data were compiled for selected flood events at 6 USGS streamflowgaging stations on the Potomac River and 10 streamflow-gaging stations on selected tributaries to the Potomac River. Peak discharge, peak gage height, the date and time of the peak, and approximate recurrence interval are presented for each flood event at these streamflow-gaging stations.
Data compiled from selected high-flow discharge measurements on the six Potomac River streamflow-gaging stations are presented. The gage height, top width, cross-sectional area, mean velocity, maximum velocity, and discharge are presented for each selected discharge measurement. Any corresponding discharge on the C & O Canal that was measured or estimated for these discharge measurements is presented. Ranges of Manning's n were computed for the range of selected discharge measurements based on estimates of water-surface slope or the channel-bed slope.
An inventory of flood studies, reports, and additional USGS data collected along the Potomac River and the C & O Canal NHP is also presented. Included are (1) a listing of selected flood studies and reports, and (2) (This page will be blank.)
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